ABSTRACT. The uppermost Jurassic continental and volcanic deposits of the Río Damas-Tordillo Formation represent an interval of intense continental deposition within the Jurassic to Early Cretaceous dominantly marine environment of the Mendoza-Neuquén back-arc basin. Stratigraphic and geochronological data indicate that progressive emersion of the arc and forearc domain, disconnecting the back-arc region from the Pacific Ocean, occurred during occurred during the Late Jurassic and probably the Early Cretaceous (~160-140 Ma). This change in the margin configuration induced a marine regression and the subsequent deposition of continental material in the back-arc basin. The most likely source of the sediments would have been the Jurassic arc, located west of the back-arc basin. The maximum depositional age of 146.4±4.4 Ma obtained from a red sandstone immediately below volcanic rocks confirms recent Tithonian maximum depositional ages assigned to the Río Damas-Tordillo Formation, and suggests that the volcanic rocks, overlain by marine fossiliferous Tithoninan-Hauterivian sequences, should have erupted within a short time span during the Late Jurassic. Volcanism was probably facilitated by the presence of extensional structures related to the formation of the back-arc basin. Elemental and isotopic data, along with forward AFC models, suggest a depleted sub-arc asthenospheric mantle source for the volcanic rocks and the fractionation of olivine and plagioclase, along with small volumes of lower crust assimilation, as the main processes involved in the magmatic evolution. It is not possible to establish a different source and petrogenetic conditions for the Río Damas-Tordillo Formation and the magmatism in the arc domain located further west, at the present-day Coastal Cordillera. Keywords: Jurassic, Volcanism, Central Chile, Detrital zircons, Isotopes. 530 The Upper JUrassic volcanism of The río ): insighTs on peTrogenesis...
Introduction
The voluminous magmatism developed during the Jurassic and Early Cretaceous in the Coastal Cordillera from southern Perú to central Chile, was mainly produced during a period of active subduction and extensional/transtensional tectonics (Creixell et al., 2006 (Creixell et al., , 2009 (Creixell et al., , 2011 Grocott and Taylor, 2002; Oliveros et al., 2006 Oliveros et al., , 2007 Schueber and González, 1999) . Subduction of the cold and dense Phoenix plate under the South American continent resulted in roll-back of the oceanic plate, constant outboard migration of the trench, thinning of the continental crust and the development of a N-S trending paleogeography (Charrier et al., 2007; Mpodozis and Ramos, 2008) . This period was characterized by a magmatic arc emplaced in the present-day Coastal Cordillera and extensive back-arc basins to the east (Charrier et al., 2007; Martínez et al., 2012; Vicente, 2006) , where much more restricted volcanic activity took place (Rossel et al., 2013) .
The main arc domain has been widely studied in the past decades (Creixell et al., 2006 (Creixell et al., , 2009 (Creixell et al., , 2011 Kramer et al., 2004; Lucassen et al., 2006; Oliveros et al., 2006 Oliveros et al., , 2007 Parada et al., 1999; Vergara et al., 1995) in order to constrain the genesis and sources of this important magmatic province. Recently Rossel et al. (2013) have studied the genesis of back-arc volcanism in northern Chile and Oliveros et al. (2012) the features of the non-marine back-arc deposits in the same region.
In Central Chile, the Jurassic arc domain is represented by the Lower Jurassic Ajial Formation and the Upper Jurassic Horqueta Formation. The first is predominantly composed by acidic volcanic lavas and pyroclastic rocks, deposited under alternate marine and continental conditions, while on the other hand the Horqueta Formation is a sedimentary-volcanic unit deposited under continental conditions, with mostly acidic lavas and pyroclastic rocks at the base that grade to intermediate to basaltic lavas to the top of the unit (Vergara et al., 1995) .
The sedimentary beds of the Río Damas and Tordillo Formations represent the Upper Jurassic continental back-arc deposits, cropping out in the Principal Cordillera of central Chile and Argentina, res pectively. These sequences have been studied in detail in terms of their depositional and tectonic envi ronment (Davidson and Vicente, 1973; Legarreta, 1976; López-Gómez et al., 2009; Mescua et al., 2008; Naipauer et al., 2012 Naipauer et al., , 2014 Spalletti et al., 2008; Thiele, 1980; Yrigoyen, 1979; Zavala et al., 2008) . In contrast, the volcanic deposits within these units are relatively unexplored and their petrogenesis remains undetermined. In particular, it is not clear whether the volcanism represents an eastern part of the main volcanic arc or a retro-arc belt within the back-arc basin.
Below, we present a new set of whole-rock elemental and isotopic data for the volcanic rocks as well as new geochronological results for the sedimentary rocks of the Río Damas-Tordillo Formation, which allow to better understand the stratigraphic position, sources, evolution and tectonic setting of the volcanism developed close to the Jurassic-Cretaceous boundary in the Principal Cordillera of Chile and Argentina, between 33° and 35.5°S. The Upper Jurassic units were sampled at two localities close to the ChileArgentina border, the Río Volcán and the Termas del Flaco-Las Leñas areas (Fig. 1) where the volcanic and sedimentary rocks of the Río Damas-Tordillo Formation crop out in continuous sections.
Geological Setting
Within the context of the mainly extensional/ transtensional tectonics recognized for the arc and back-arc domains in northern and central Chile and Argentina during the Jurassic (Creixell et al., 2006 (Creixell et al., , 2009 (Creixell et al., , 2011 Grocott and Taylor, 2002; Legarreta and Uliana, 1999; Scheuber and González, 1999) it is possible to identify two transgression-regression cycles during Jurassic and Early Cretaceous times. The red continental clastic deposits of the KimmeridgianTithonian Río Damas-Tordillo Formation (33 to 35,5°S; Figs. 1, 2 and 3) reflect the transition between: (a) the culmination of the first Jurassic transgression-regression event, and (b) the initiation of the second one, which began in the Tithonian with the reactivation of normal faults that participated in the early development of the backarc basin extension (tectonic subsidence) associated with volcanism and very coarse breccia deposits (Charrier et al., 2007) . Thus, the lavas contained in the Río Damas-Tordillo Formation represent (2003) and Caminos et al. (1993) .
a particular event of volcanic activity, accompanied by continental sedimentation, that took place during the latest Jurassic-earliest Cretaceous in the western border of the Mendoza-Neuquén Basin (Mescua, 2011; Fig. 4) . The volcanic deposits are interpreted as either the distal components of the main volcanic arc developed to the west in the present-day Coastal Cordillera (Davidson, 1971; Davidson and Vicente; 1973) , or back-arc volcanism emplaced through the normal faults that accommodated the extension in the back-arc basin (Charrier et al., 2007) . The backarc volcanism would have occurred also during the Early Cretaceous, since volcanic intercalations have been found within the marine Tithonian-Hauterivian Lo Valdés and Baños del Flaco formations, which overlie the Río Damas Formation in this same region (González, 1963; Biro-Bagoczky, 1964) , between 33º30'S and 34º15'S. In the Río Volcán area, close to La Valdés village, the Río Damas Formation (Klohn, 1960; Figs. 2 concordantly overlies Callovian-Oxfordian marine and evaporitic deposits of the Río Colina Formation (González, 1963) , composed mainly by limestones, calcareous shales, sandstones and conglomerates with minor intercalations of lavas, and important levels of gypsum, and underlies the marine deposits of the Lo Valdés Formation (González, 1963) , which comprises by over 1,000 m of marine fosiliferous deposits of Tithonian-Hauterivian age, with intercalated hialoclastic andesites (Hallam et al., 1986; Thiele, 1980) . In this area the Río Damas Formation is represented by a basal level (3 to 10 m) of massive coarse sandstones that underlies a series of andesitic lava flows with a maximum thickness of 500 m. To the top the lavas become more brecciated and are overlied by a series of clastic continental conglomerates and breccias that contain abundant volcanic clasts of the andesitic lava flows (Fig. 5) . At its type locality, close to Termas del Flaco area (Fig. 3) , the Río Damas Formation consists of a ca. 3,000-m-thick continental succession of red beds, with intercalations of coarse-and finegrained rocks, that includes at the top >1,000 m of andesitic lavas and volcanic breccias with large angular blocks, some over 4 m in diameter (Charrier et al., 1996) , and underlies the marine deposits of the Termas del Flaco Formation of Tithonian age (Klohn, 1960; Fig. 5) . To the east, the Río Damas Formation interfingers the clastic continental rocks of the Tordillo Formation (Stipanicic, 1969; Fig. 5) , mainly red sandstones with conglomerates and shales that are representative of fluvial, eolian, alluvial and playa lake environments (Legarreta et al., 1993) . South of 35,5°S, the Río Damas Formation overlays the gypsum deposits of Santa Elena Formation located on top of Nacientes del Teno Formation (Davidson, 1971; Davidson and Vicente, 1973) .
The Tordillo Formation, which is the Argentinean equivalent to the Río Damas Formation, concordantly overlies in concordance the evaporitic deposits of the Auquilco Formation (Stipanicic, 1965) , composed mainly by gypsum, anhydrite and minor limestones of Oxfordian age, with a maximum thickness of 400 m, and underlies in concordance the marine deposits of the Vaca Muerta Formation (Weaver, 1931) , which represent a new marine flooding in the back-arc basin, evidenced by deposits of black shales and fosiliferous limestones of Tithonian-Berriasian age.
As show in figure 4 , the deposits of the Río Damas-Tordillo Formation represent a main event of emersion of the back-arc basin that took place during the Kimmeridgian. A decrease in the proportion of volcanic rocks from west to east suggests that the contribution of volcanic material is mainly from the west (Fig. 5) . These units present abrupt changes in thickness in the studied area. A main depocenter was located in the western part of the basin, controlled by active extensional faults (Mescua, 2011; Mescua et al., 2008) , confirming the existence of very active tectonics during this period of the Jurassic.
The deposits of the Río Damas-Tordillo Formation are tilted and deformed as a consequence of (Charrier et al., 2007; Mescua et al., 2012) .
Petrography of the Río Damas-Tordillo Formation Volcanic Components
The volcanic rocks of the Río Damas-Tordillo Formation are mainly red brownish to dark purple porphyric, sometimes vesicular, lava flows and sills. Intercalations of volcanic breccias bearing fragments of andesitic lavas of 1 to 4 m in size and more fine grained pyroclastic deposits can be found along the frontier of Chile and Argentina. The samples analyzed in this work correspond mainly to basaltic andesites and minor andesites.
Petrography of the primary components
The studied lavas have a porfiric texture, with up to 35% of phenocrysts content. Euhedral plagioclase phenocrysts up to 4 cm in size represent ca. 70% of the phenocrysts content of the rocks. Precise petrographic determination of their composition is difficult because of the alteration. However, the Michell-Levy method was applied to eight single crystals in one fresh sample (sample M391, figure  5 ), indicating that the plagioclases are andesine in composition (An 38 ). 25% of the phenocrysts correspond to eu-and sub-hedral clinopyroxene crystals; and the remaining 5% of the phenocyrsts are Fe-Ti oxides, mostly magnetite with subordinate ilmenite. The groundmass has an intersertal texture and it is composed of plagioclase microlites, Fe-Ti oxides and alteration minerals. 
Petrography of the alteration components
All the volcanic and sedimentary rocks of the Río Damas-Tordillo Formation are altered to some extent, as a consequence of burial and contact metamorphism (Calderón, 2008; Levi et al., 1989; Oliveros et al., 2008; Robinson et al., 2004) . The alteration in general is very penetrative, partly hiding the primary features of the rock, particularly at the contact between beds, vesicular portions or highly fractured zones of the lava flows and in the fine matrix of volcanic and sedimentary rocks. Central portion of lava flows or restricted domains within the sedimentary rocks are often less affected by the alteration processes. The observed alteration minerals are: prehnite, pumpeyllite, chlorite, epidote, titanite, actinolite, calcite, quartz, white mica (sericite), albite and K-feldspar, defining a typical mineralogy of prenhite-pumpeyllite facies in concordance with the reported by others authors for this Andean region (Calderón, 2008; Levi et al., 1989; Oliveros et al., 2008; Robinson et al., 2004) . The fine grained volcanic litharenites from the easternmost outcrops of the Río Damas Formation, in the head of the Maipo river valley at 34º15'S, bear scarce calcite and chlorite as secondary mineral phases, indicating that the alteration degree diminishes eastward (Charrier, 1981) .
Plagioclase phenocrysts, microlites and fragments in the volcanic rocks are partial to completely replaced by a mixture of sericite, clays and minor albite and epidote. The clinopyroxenes are often completely replaced by chlorite and titanite, but fresh phenocrysts can be observed in the central part of the lava flows. The components of the matrix or groundmass are often replaced by chlorite, titanite and clays. Finally, the vesicles of the lavas are filled with calcite, quartz, prehnite, pumpeyllite, and it is possible to recognize multiple stages of mineral formation.
Samples and Methods
Seven slightly altered lava samples, one sample of sandstone and one sample of a granitic clast from a polymitic sedimentary breccia of the Río DamasTordillo Formation were collected for analysis (Fig. 1). 
Whole rock analysis
Major and trace element concentrations were determined using standard XRF and ICP-MS techniques at University of Arizona. Major elements were performed on a HORIBA XRF instrument on powdered pressed pellets; analytical precision is about 2% of the reported value. Whole-rock trace elements were measured in solution using a Thermo Element X-Series II single collector ICP-MS at the University of Arizona (Rossel et al., 2013) . Approximately 5 mg of sample were dissolved in about 7 ml of concentrated HF-HNO 3 mixtures, dried down and redissolved in a mild 1% nitric acid before being analyzed. Several 1-10 ppm internal standards were used for different elements. Columbia River Basalt material standard material was used as an external standard. Analysis routines involved 30 individual measurements of isotopes free of interferences. Typical analytical errors are 3-5% of the reported values.
Sr and Nd isotopic analyses were performed at the University of Arizona (following procedures outlined in Otamendi et al., 2009) Nd=0.511848±11. Procedural blanks averaged from five determinations were: Sr-150 pg, and Nd-5.5 pg.
The common isotopes of Pb were analyzed on the sample aliquots from which Rb-Sr and Sm-Nd isotopes were analyzed following the procedures described in Drew et al. (2009) . Separate batches of dissolved samples were saved for lead chemistry. Pb was extracted on Sr-spec columns (Drew et al., 2009) . Lead isotope analysis was conducted on a GV Instruments multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the University of Arizona (Thibodeau et al., 2007) . Samples were introduced into the instrument by free aspiration with a low-flow concentric nebulizer into a water-cooled chamber. A blank, consisting of 2% HNO 3 , was run before each sample. Before analysis, all samples were spiked with a Tl solution to achieve a Pb/Tl ratio of ~10. Throughout the experiment, the standard National Bureau of Standards(NBS)-981 was run to monitor the stability of the instrument.
U-Pb geochronology of igneous and detrital zircons
Zircons were extracted from a granitic clast in a sedimentary breccia and from a sandstone (TF11-04) by crushing, milling, gravitational separation and heavy liquids treatment. At least 50 crystals were randomly selected (regardless their size, form or color) using a stereomicroscope and then mounted in 25 mm epoxy and polished.
U-Pb geochronology of zircons was conducted by LA-MC-ICP-MS at the Arizona LaserChron Center (Gehrels et al., 2008) . The analyses involve ablation of zircon with a New Wave/Lambda Physik DUV193 Excimer laser (operating at a wavelength of 193 nm) using a spot diameter of 25 or 35 µm. The ablated material is carried with helium gas into the plasma source of a GV Instruments Isoprobe, which is equipped with a flight tube of sufficient width that U, Th, and Pb isotopes are measured simultaneously. All measurements were made in static mode, using Faraday detectors for 238 U and 232 Th, an ion-counting channel for 204 Pb, and either Faraday collectors or ion counting channels for Pb. Ion yields are ~1 mV ppm
. Each analysis consists of one 20 s-integration on peaks with the laser off (for backgrounds), twenty 1 s-integrations with the laser firing, and a 30 s delay to purge the previous sample and to prepare for the next analysis. The ablation pit is ~15 µm in depth.
For each analysis, the errors in determining 206 Pb), and because very little Hg is present in the argon gas. Interelement fractionation of Pb/U is generally ~20%, whereas fractionation of Pb isotopes is generally <2%. In-run analysis of fragments of a large Sri Lanka zircon crystal (generally every fifth measurement) with known age of 564±4 Ma (2s error) is used to correct for this fractionation (see Gehrels et al., 2008) . The uncertainty resulting from the calibration correction is generally ~1% (2s) The reported ages are determined from the weighted mean of the 206 Pb/ 238 U ages of the concordant and overlapping analyses (Ludwig, 2003) . The reported uncertainty (labeled 'mean') is based on the scatter and precision of the set of 206 Pb/ 238 U or 206 Pb/ 207 Pb ages, weighted according to their measurement errors (shown at 1s). The systematic error, which includes contributions from the standard calibration, age of the calibration standard, composition of common Pb and U decay constants, is generally ~1-2% (2s).
Results

Whole Rock Chemistry
The major and trace elements abundances for the studied volcanic rocks are listed in the Table 1 .
Alteration
The alteration that affects the Mesozoic and Cenozoic volcano-sedimentary rocks cropping out in the Andes of Central Chile, which can be very pervasive, is the result of the combination of very low-grade burial metamorphism (Prenhite-Pumpellyte facies), and contact metamorphism and hydrothermal alteration related to the intrusion of numerous granitic stocks of Miocene age (Calderón, 2008; Levi et al., 1989; Muñoz et al., 2009; Oliveros et al., 2008; Robinson et al., 2004; Thiele, 1980) .
Although the studied samples exhibited slight to moderate evidences of alteration, the afore mentioned processes were likely responsible for an increase in the amount of total alkalis as it is inferred from the comparison between the total alkalis versus silica classification plot (TAS) and the diagram for altered rocks which plots Zr/Ti versus Nb/Y (Fig. 6 ). In the first diagram, an important number of samples plot in the trachy-andesite and trachy-dacite fields, whereas in the diagram for altered rocks the samples plot in the basalts, basaltic andesites-andesites and dacites-ryolites fields. Therefore, the alkali enrichment of the rocks is likely due to the albitization/ sercitizacion of the plagioclase phenocrysts or microlites and clinopyroxene chloritization, not to magmatic processes. The samples also show higher dispersion for large ion lithophile elements (LILE) than high field strength elements (HFSE) (Fig. 7) , suggesting that HFSE are less mobile during alteration processes, and therefore more reliable for determining the petrogenesis of the rocks. The light REE (LREE) are enriched in comparison to the heavy REE (HREE), a pattern that is independent of the alteration degree of the sample (Fig. 7) .
The most altered sample is MO208-385. The plagioclase and clinopyroxene phenocrysts are completely replaced by sericite and clays and chlorite, respectively, the matrix is chloritized and the numerous vesicles filled with calcite, chlorite, pumpeyllite, prehnite and quartz. It has low abundances of Ba and Th, and high concentrations of Cs (Table 1 ). The patterns for the REE and HFSE, are similar to those of the less altered rocks, but in general the concentration of these elements is lower in MO208-385. (Pearce, 1996 after Winchester and Floyd, 1977) . Data from Ajial and Horqueta Formations in the Coastal Cordillera of Central Chile are after Vergara et al. (1995) . Vergara et al. (1995) . Normalizing values are from Sun and McDonough (1989) (Chondrite) and Pearce (1983) (MORB). On the contrary, the alkalis, K 2 O and Na 2 O, increase with increasing SiO 2 , which is due to the incompatible behavior of these elements during the early stages of magma differentiation.
Considering the high dispersion of mayor elements including silica, oxides are not useful as petrogenetic tools in the studied rocks, and they will be only used for comparison purposes in this work.
Trace elements
MORB-normalized multielement spider diagrams exhibit similar patterns for all the studied samples of the Río Damas-Tordillo Formation (Fig.  7) , with enrichment in LILE compared to HFSE. The LILE concentrations are quite variable since these elements are more mobile during alteration and incompatible during early stages of crystal fractionation. The lavas have marked negative Nb-Ta-Ti and positive Pb anomalies. Zr and Th have well defined positive correlations with SiO 2 content, but with higher dispersion for Zr. Sr has a high dispersion but apparent negative correlation with SiO 2 , probably because of the replacement of CaO during plagioclase fractionation. V has a well defined negative correlation with SiO 2 , likely due to fractionation of mineral phases such as magnetite or ilmenite. A similar behavior should be expected for elements like Cr and Ni, although they were not measured in all samples.
Chondrite-normalized REE patterns exhibit a negative slope, with significant enrichment in light REE (LREE) compared to the heavy REE (HREE). Chondrite-normalized La/Yb ratios ([La/Yb] n ) range between 4 and 6.The HREE show a rather flat pattern and have abundances between 12 and 23 times the chondritic value. Incipient Eu negative anomalies are present in all the studied rocks, except for the sample MO208-385.
Isotopes
Three samples of the Río Damas-Tordillo Formation were analyzed for Nd, Sr and Pb isotopes; the results are listed in the Table 2 .
Nd and Sr isotopic ratios normalized to 150 Ma (Fig. 8a) Pb=38.52-39.04) show a wider range (Fig.  8b ) of values but still in the range of rocks of the Jurassic volcanic arc of northern Chile (Kramer et al., 2004; Lucassen et al., 2006) .
U-Pb Geochronology
The results of U-Pb dating of magmatic and detrital zircons in rocks from the Río Damas-Tordillo Formation are listed in Table 3 . Nd=0.1967 (Cheng and Wasserburg, 1981; Faure, 1986) . Ages of rocks are from an average estimated age of 150 My.
Sample PR-11-123 is a granitic fragment extracted from the polimictic breccia in the top of the Río Volcán section (Fig. 5) that yielded a Carboniferous age of 333.1± 6.0 Ma (Fig 9a) . The younger analyzed zircons in this sample probably reflect a Pb loss or accidental crystals.
Sample TF11-04 is a red sandstone collected at the top of the sedimentary part in the Termas del Flaco section, but below the volcanic rocks of the sequence (Fig. 5) . A total of the 92 zircons grains were analyzed (Table 3 ). The distribution of the ages is characterized as unimodal with a peaks ca. 158 Ma. There are two isolated ages at 415 Ma. The calculated mean age of the youngest five grains, that overlap in age at 2σ, yields a maximun depositational age of 146.4±4.4 Ma (Fig. 9b) , for the clastic sediments of the Río Damas-Tordillo Formation in this area.
Discussion
Age and provenance of the Río Damas-Tordillo
Formation.
The age of the Río Damas-Tordillo Formation has been commonly assigned to the Kimmeridgian based on its stratigraphic position between Oxfordian and Tithonian-Huaterivian marine fossiliferous deposits (Klohn, 1960; Legarreta y Uliana, 1999; Thiele, 1980 Kramer et al. (2004) , Lucassen and Franz (1994) , Lucassen et al. (2006) and Rossel et al. (2013) .Upper Jurassic back-arc isotopic data after Rossel et al. (2013) . Average Paleozoic Crust (Av. Pz Crust) data after Lucassen et al. (2002) . del Flaco and Vaca Muerta formations. This would indicate that either the Tithonian age assigned to the fossiliferous content of the overlynig units or the age assumed for the Kimmeridgian/Tithonian and Jurassic/Cretaceous boundaries are wrong. Whatever is the reason for the disagreement between the stratigraphic versus absolute ages of the Río Damas-Tordillo Formation, the results presented in this work are consistent with other maximum despositional ages obtained in sedimentary rocks of the same unit in the Río Volcán area, and in the southern part of the Neuquén basin, that have extended the age range of the Río Damas-Tordillo Formation into the Tithonian and, as in the study region, even into the earliest Cretaceous (Aguirre et al., 2009; Cucchi et al., 2005; Leanza and Hugo, 1997; Naipauer et al., 2012 Naipauer et al., , 2014 . Therefore, the events of continental clastic desposition in the western and southern margin of the Neuquén basin would have been continuous beyond the Kimmeridgian/ Tithonian and even the Jurassic/Cretaceous boundary, practically overlaping the maximum age assigned to the overlaying marine deposits of the Vaca Muerta (early late Tithonian), and lower Lo Valdés (Tithonian) and Termas del Flaco (Late Tithonian) formations (Biro-Bagoczky, 1964 Charrier, 1981; Hallam et al., 1986; Klohn, 1960; Leanza, 1981; Riccardi, 2008a, b; Thiele, 1980) . The volcanic intercalation of basaltic andesitic lavas and breccias of the Río Damas-Tordillo Formation should have been emplaced in a restricted time span. Volcanic activity was probably facilitated by the presence of extensional structures related to the formation of the back-arc basin (Charrier et al., 2007) . The main peak of 157.6±1.3 Ma observed in the zircon population of sample TF11-04, with zircons as old as ~170 Ma, is consistent with the reported ages of plutonic bodies and dikes cropping out in the Coastal Cordillera of central Chile (Creixell et al., 2006; Gana and Tosdal, 1996; Godoy and Loske, 1988; Hervé et al., 1988; Parada et al., 1999) suggesting that this area would have been the main source of sediments feeding the back-arc basin during Upper Jurassic. This implies that an important part of the Jurassic arc domain was exhumed and eroded in Oxfordian and Tithonian times, exposing the epizonal intrusives of Middle Jurassic age, and probably the upper part of the Horqueta Formation.
The age of 333.1±4.4 Ma obtained in the granitic fragment located at the top of the Río Volcán section; represents the first reported evidence for Carboniferous sources for sediments of the Río Damas-Tordillo Formation at this latitude. Recent studies of the Jurassic sequences in the southern end of the Neuquén basin have shown an important component of Paleozoic zircons in clastic sediments of Tordillo and Quebrada del Sapo formations, being interpreted as the result of erosion of the exposed basement in the Huincul High (Naipauer et al., 2012) . However, this topographic relief was located too far in the south (39°S) to be considered as a likely source of the sediments that accumulated at the present-day 33-35°S latitudes. Sediments of late Paleozoic age have also been identified in red clastic sequences of Kimmeridgian/Tithonian age in northern Chile, and their likely sources attributed to numerous Carboniferous to Permian intrusions that crop out in the Principal Cordillera (28-29°S; Oliveros et al., 2012) . At the latitude of the present study, no Paleozoic plutonic rocks older than 320 Ma have been reported in the Chilean territory (Deckart et al., 2014) . Given the large size of the granitic clasts, their source must have been an unexposed extension of Carboniferous granitoid located near the Chile-Argentina border, rather than the presentday nearest outcrops of Paleozoic granitoids in the Coastal Cordillera between 33° and 38°S.
An important feature to take into account for the Río Damas-Tordillo Formation is the rough variations in the architecture of the stratigraphic sections in the different studied locations. As we show in figure 5 , major variations in the thickness and disposition of the sedimentary and volcanic deposits can be observed in studied areas. In the Río Volcán section, the Río Damas-Tordillo Formation is composed of a basal level of mostly volcanic rocks, overlied by a thick sequence of continental clastic sediments, while in the Termas del Flaco area the volcanic rocks overlie the clastic sedimentary deposits. Considering the important amount of large volcanic clasts of the same composition observed in the base of the sequence, we interpret these variations as the result of a mayor tectonic cannibalism in the northern area, related to a more active faulting.
Constrains on the magma sources of the Río Damas-Tordillo volcanism
The volcanic rocks of the Río Damas-Tordillo Formation are characterized by an enrichment in LILE compared to HFSE, negative slopes in the REE diagrams, marked Nb-Ta negative and positive Ce anomalies. Such characteristics are considered as representative of subduction-related magmas (Pearce, 1982) , and are typical of calc-alkaline magmatism globally (Fig. 10) . In both the trace elements and REE diagrams, samples show sub-parallel trends, suggesting that they have a co-genetic origin and are the result of various degrees of differentiation from a common source.
The Mg# and the MgO contents of the analyzed samples (Table 1) indicate that no primitive magmas were analyzed and suggest previous olivine and clinopyroxene fractionation. Nb/Zr ratios ( et al., 1995. to the normal mid-ocean ridge basalts (N-MORB) composition, and indicate either slight depletion or enrichment relative to N-MORB. Low (La/Yb) N ratios (4-5.4) or flat REE patterns are interpreted as the result of partial melting of a depleted mantle source. Yb N >10 excludes the possibility of the garnet as a residual phase in the source of the Río DamasTordillo magmas.
The high abundances of Ba, K and Sr relative to HFSE, such as Nb and Ta, would favor the hypothesis of fluid enrichment in the slab/mantle boundary of a subduction zone (Peate et al., 1997) . The Th/La versus Sm/La diagram can be used to trace the addition of sediments to the mantle wedge beneath the arc (Plank, 2005) , or contamination of the magmas by forearc subduction erosion or during interaction with the crust (Hildreth and Moorbath, 1988; Stern, 1991 Stern, , 2011 . In figure 11a , the rocks of the Río Damas-Tordillo Formation plot slightly aligned to the sediment/crust contamination vector, suggesting that this process would control the generation of the parental magmas, as it is in the case of the Jurassic Horqueta and Ajial Formations volcanism. However, given the small number of samples analyzed for this study the last observation should be taken with caution.
High variability in Ba and Sr contents probably reflects feldspar alteration, which is consistent with the pervasive sericite replacement observed in the plagioclase phenocrsyts. Low abundances of Zr, V, Y and REE in sample MO208-385 could be the result of the intense alteration of the rock.
The Nd-Sr isotopic composition of the Río DamasTordillo Formation lavas is in the range of the Jurassic volcanic and plutonic rocks (arc magmatism) cropping out in the Coastal Cordillera in northern and central Chile (Kramer et al., 2004; Lucassen et al., 2006; Rossel et al., 2013; Vergara et al., 1995) . Therefore, it is possible to infer a depleted mantle source for the magmas of the Río Damas-Tordillo Formation, similar to that of the Jurassic arc magmatism and some back-arc volcanics like the Quebrada Vicuñita Beds, at 26-28°S, but different from the sources of the other back-arc units of northern Chile (Rossel et al., 2013) .
On the other hand, Pb isotopes show a large dispersion between the Jurassic Arc field and the average Paleozoic Crust composition (Fig. 8b) . This suggests different degrees of crustal assimilation, which is more evident in this system because of the small amounts of radiogenic Pb in the mantle and high Pb in the crust. The compositional variations in the Pb isotopes is in part also due to the pervasive alteration of the studied rocks as well.
In order to better constrain the source of the Río Damas-Tordillo lavas and the Jurassic arc rocks of central Chile, Equilibrated Melting, Assimilation and Fractional Crystallization (AFC) and mixing forward modeling were performed using our elemental data (Fig. 12) . The results show that it is possible to achieve the compositional features of the most primitive samples of the arc and the Río Damas-Tordillo Formation by 15% melting of a mixture of 80% Depleted Mantle (DM) and 20% Primitive Mantle (PM), and subsequent fractionation of olivine with minor amounts (<10%) of assimilation of lower crust. To achieve the composition of the more evolved arc Nb/Zr ratios, N-MORB value in dotted line is after Sun and McDonough (1989) . Data from Ajial and Horqueta Formations in the Coastal Cordillera of Central Chile are after Vergara et al. (1995) .
samples, the assimilation of significant amounts of middle continental crust, along with progressive fractionation of clinopyroxene and plagioclase is required. This is consistent with the observed Eu anomalies and the high Sr isotope ratios reported by Vergara et al. (1995) . Unlike in northern Chile (26°-30°S), where geochemical variations between the Jurassic arc and back-arc magmatism are clearly observed (Rossel et al., 2013) , it is not possible to differentiate the sources and processes involved in the generation of the arc magmatism in central Chile and the lavas of the Río Damas-Tordillo Formation based only in the elemental and isotopic composition of these rocks. The volcanism of the Río Damas-Tordillo Formation could therefore represent arc activity. (Vergara et al., 1995) . LC: Lower Continental Crust and MC: Middle Continental Crust, after Rudnick and Gao (2003) .Data from Ajial and Horqueta Formations in the Coastal Cordillera ofcentral Chile after Vergara et al. (1995) .
A tectonic framework for the Río DamasTordillo Formation
Taking into account the geochemistry, petrology and probably age of the Río Damas-Tordillo lavas according to the new dates here suplied and its stratigraphic location, we propose the following evolutionary model for the latest Jurassic deposits in central Chile and Argentina between 32°5' and 35°S (Fig. 13) .
During the Lower and Middle Jurassic the transtensional/extensional regime of subduction in the Andean margin (Charrier et al., 2007; Grocott and Taylor, 2002; Mpodozis and Ramos, 2008; Scheuber and González, 1999) resulted in a paleogeographic configuration characterized by the development of a voluminous volcanic arc that was mostly submerged considering the numerous intercalations of marine deposits between the lavas of the Ajial Formation in the Coastal Cordillera (Charrier et al., 2007; Vergara et al., 1995) . The inferred paleogeography suggests that a connection existed between the Pacific Ocean and the Neuquén basin to the east (Legarreta and Uliana, 1999; Howell et al., 2005) .
Between the Middle and Upper Jurassic, the change to transpressional regime has been proposed in northern and central Chile, probably as the result of an increased coupling between the two plates (Creixell et al., 2011; Ring et al., 2012; Scheubert and González, 1999) . This change, in addition to the accumulation of volcanic material, could be responsible of the progressive emersion of the arc and probably the forearc domain, and subsequent disconnection of the back-arc with the Pacific Ocean during Kimmeridgian and Tithonian times (Klohn, 1960; Legarreta et al., 1999; Mescua, 2011; Thiele, 1980) , leading to continental sedimentation in both domains, as recorded by Horqueta Formation (arc) and Río Damas-Tordillo Formation (back-arc).
During the Kimmeridgian and Tithonian, the back-arc at the studied latitudes show evidences for extensional conditions, with sedimentation controlled by normal faulting (Cegarra and Ramos, 1996; Charrier et al., 2007; Giambiagi et al., 2003; Mescua et al., 2008; Pángaro et al., 1996) . The plate coupling probably concentrated the deformation in the arc domain due to thermal softening, avoiding the development of compressive or transpresive structures in back-arc domain.
The regional long-term extension since the beginning of the Mesozoic (Legarreta and Uliana, 1999) led to a progressive thinning of crust (Charrier et al., 2007; Mpodozis and Ramos, 2008) , which together with the presence of active normal faults, likely favored the rapid ascent of important volumes of magma in the back-arc during Tithonian, as suggested by the >1,000 m-thick sequences of basaltic andesitic lavas of the Río Damas Formation recognized at the Jurassic-Cretaceous boundary in the High Andes of central Chile.
During late Tithonian a new transgression in the Neuquén basin is recorded by the Lo Valdés and Vaca Muerta formations (Klohn, 1960; Legarreta and Uliana, 1999) , but no units of this age are observed in Coastal Cordillera, since the upper portion of the Horqueta Formation is eroded (Vergara et al., 1995) . A possible explanation for this configuration is that the uplift and erosion of the Mesozoic arc continued into the Tithonian, leading to the development of unconformity observed between the Horqueta and Lo Prado Formations (Vergara et al., 1995) and Lower Cretaceous granitoids and Lo Prado (Gana and Tosdal, 1996) . This is consistent with the presence of numerous zircons of Tithonian age in the Río Damas-Tordillo Formation rocks. The marine transgression originated in the Pacific ocean, since the Atlantic Ocean was not open by the end of the Jurassic, and was facilitated by the progressive ascent of the eustatic level since 160 Ma., which reached its maximum at ca. 140 Ma. (Haq et al., 1987) . The marine transgression occurred through narrow channels that crosscut the arc highlands and connected the ocean with the back-arc basin during Tithonian and Lower Cretaceous, as proposed for Early Jurassic by Vicente (2005) .
Conclusions
A period of more transpressive conditions in the Andean margin during to the Late Jurassic probably led to the emersion of the arc and fore arc domain, disconnecting the back-arc Mendoza-Neuquén basin from the ocean with a subsequent marine regression phase. The final stage of this regression is recorded by the red clastic deposits of the Río Damas-Tordillo Formation.
Provenance data indicate that an important source of sediments was the uplifted arc domain to the west, represented by Middle to Upper Jurassic granitoids and the Horqueta and Ajial Formations; these are located in the present-day Coastal Cordillera. The supply of sediments from the west continued at least until 146 Ma. The protracted extension in the region since the beginning of the Mesozoic, led to a progressive thinning of the crust, which together with the presence of active normal faults, probably facilitated the rapid ascent of important volumes of lavas in the back-arc during the Kimmeridgian and Tithonian.
The geochemical and isotopic composition of volcanic rocks of the Río Damas-Tordillo Formation indicates a clear subduction-related affinity for the magmatism and points for a depleted sub-arc asthenospheric mantle as the source for the igneous materials. Major and trace elements contents and forward ACF models suggest olivine and plagioclase fractionation combined with small volumes of lower crust assimilation as the main processes controlling magma evolution. Future studies will aim to establish if the source and petrogenetic conditions of the volcanism represented by the Río Damas-Tordillo Formation lavas are different from those of the magmatism in the arc domain.
